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The  coal-derived  gas  from  a  coal  gasifier  contains  multiple  contaminants,  and  their  synergistic  effects 
may  not  be  simply  the  additive  influences  of  individual  contaminants.  The  present  work  presents  the 
results  of  a  study  of  the  synergistic  effects  of  four  contaminants  of  major  concern— S,  As,  P,  and  Cl,  at 
the  ppm  level  and  in  combinations  of  two,  three,  or  four  kinds— on  the  performance  of  Ni-YSZ/YSZ/LSM 
solid  oxide  fuel  cells.  The  results  indicate  that  both  cell  performance  and  morphology  differ  significantly 
in  cells  exposed  to  a  single  contaminant,  and  that  cell  performance  is  not  simply  the  additive  influence 
of  each  contaminant.  Synergistic  effects  can  be  very  destructive  (accelerated  degradation  or  even  cell 
failure)  when  S  is  in  the  presence  with  As/P,  but  can  also  be  beneficial  (stabilization  in  power  density 
variations  over  time  or  a  slowed  degradation  rate)  when  Cl  is  present  with  other  contaminants.  Cl  can 
even  partially  restore  performance  loss  when  it  is  introduced  after  P  is  already  present.  Therefore,  with  the 
addition  of  Cl  the  tolerance  limit  of  SOFCs  for  the  other  three  contaminants  can  be  greatly  increased.  We 
speculate  that  the  affinity  of  the  contaminants  to  Ni  catalyst  increases  in  the  following  order:  As  <  P<  Cl. 
The  interactions  between  and  among  these  contaminants  and  possible  mechanisms  for  their  destructive 
and  beneficial  synergistic  effects  are  discussed. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Compared  with  internal  combustion  engines  and  thermal 
power  plants  (8-20%  and  30-40%  energy  conversion  efficiency, 
respectively),  solid  oxide  fuel  cells  (SOFCs)  have  high,  direct  fuel-to- 
electricity  conversion  efficiencies  of 45-60%  (with  a  total  efficiency 
of  more  than  80%  when  the  cogenerated  heat  is  also  employed  by  a 
hybrid  turbine  system)  [1],  environmental  compatibility  (low  NOx 
production)  and  modularity,  and  fuel  flexibility  (i.e.,  the  ability  to 
use  currently  available  fossil  fuels).  The  U.S.  Department  of  Energy’s 
(DOE’s)  Solid  Energy  Conversion  Alliance  (SECA)  program  is  pursu¬ 
ing  the  integration  of  SOFCs  with  coal  gasifiers  to  produce  clean 
energy  technology.  However,  naturally  occurring  coals  contain 
many  impurities,  and  some  of  those  impurities  end  up  in  the  fuel  gas 
stream  even  after  the  clean-up  process,  reaching  the  SOFC  anode 
and  causing  performance  degradation.  Part  I  [2  ]  of  this  series  of  arti¬ 
cles  discussed  our  accelerated  testing  (at  a  high  concentration  level, 
with  a  test  period  of  about  lOOh)  to  screen  out  the  most  poten¬ 
tially  harmful  contaminants  for  anode-supported  Ni-YSZ/YSZ/LSM 
cells.  In  Part  II  [3  ],  we  calculated  the  thermochemical  forms  of  these 
impurities  in  the  SOFC  operating  environment  and  compared  the 
results  with  those  obtained  using  a  high-temperature  mass  spec¬ 
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trometer.  We  also  carried  out  extended  tests  at  typical  levels  in 
a  coal-derived  gas  stream  and  discussed  the  mechanisms  causing 
the  degradation.  Those  mechanisms  can  be  divided  into  two  main 
categories:  (1 )  surface  adsorption  effects  (e.g.,  when  S  and  Cl  block 
the  active  reaction  sites  for  the  fuel  gases);  SOFCs  can  recover  from 
these  effects  after  the  chemicals  are  removed,  and  (2)  bulk  reaction 
effects  (e.g.,  when  As  and  P  form  secondary  solid  phases  with  the 
anode  material);  such  performance  losses  are  irreversible. 

Many  researchers  have  carried  out  tests  on  a  single  trace  con¬ 
taminant  (work  reported  at  workshops  by  Marina  [4,5]  is  the 
exception),  and  some  view  the  cumulative  individual  effects  of  var¬ 
ious  contaminants  as  additive  [6].  However,  multiple  contaminants 
are  present  in  coal  syngas,  and  tests  of  individual  contaminants 
and  their  assumed  additive  influence  may  not  be  representative 
of  actual  coal  syngas  operation.  Depending  on  their  poisoning 
mechanisms,  various  contaminants  may  interact  with  one  another 
strongly,  either  competing  for  adsorption  sites  or  compensating 
for  one  another,  and  their  synergistic  effects  may  be  considerably 
more  detrimental  than  simple  addition.  Alternatively,  these  con¬ 
taminants  may  counteract/mitigate  each  other,  greatly  increasing 
the  SOFC  anode’s  limit  of  tolerance  for  them.  It  is  thus  necessary 
to  establish  a  cumulative  tolerance  limit  for  coal  contaminants. 
In  the  work  reported  here  we  investigated  the  synergistic  effects 
for  several  combinations  of  contaminants  with  different  or  simi¬ 
lar  poisoning  mechanisms  (mainly  As,  P,  S,  and  Cl)  and  possible 
interactions  between  and  among  them. 


0378-7753 /$  -  see  front  matter  ©  2009  Elsevier  B.V.  All  rights  reserved, 
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2.  Experimental 

All  the  SOFCs  tested  were  anode-supported  Ni-YSZ/YSZ/LSM 
cells  acquired  from  InDec  B.V.,  the  Netherlands  with  the  thick¬ 
ness  of  the  anode  layer,  electrolyte  layer  and  cathode  layer  being 
5-10  [xm,  4-6  |jim,  and  30-60  [Jim,  respectively.  The  anode  support 
layer  (Ni-YSZ)  was  around  465-555  p,m  thick.  An  Ni  mesh  attached 
to  the  anode  side  by  Ni  paste  was  used  as  the  anode  current  collec¬ 
tor,  and  Au  wires  bonded  to  the  cathode  by  Pt  paste  to  increase  the 
lateral  transport  efficiency  were  used  as  the  cathode  current  col¬ 
lector.  All  the  trace  contaminants  were  introduced  into  the  cell  by 
passing  a  carrier  gas  (H2)  through  G-Cal  permeation  devices  from 
VICI  Metronics  at  calibrated  permeation  rates,  and  the  actual  con¬ 
centration  of  each  contaminant  was  double  checked  using  Kitagawa 
precision  gas  detector  tubes  from  Matheson  Tri-Gas  (the  concen¬ 
tration  levels  presented  here  are  based  on  the  results  given  by  the 
detector  tubes).  The  simulated  coal-derived  gas  (syngas)  mixture, 
which  had  an  overall  composition  of  30%  CO,  30.6%  H2, 11.8%  C02, 
and  27.6%  H20  steam,  was  passed  over  the  anode  chamber  at  a  flow 
rate  of  ~1 00  ml  min-1  (STP). 

Details  of  the  cell  setup,  data  measurement,  and  post  experi¬ 
ment  characterization  were  presented  in  previous  papers  [2,3].  All 
the  cells  were  tested  at  a  current  density  of  0.222  A  cm-2  at  750  °C. 


3.  Results  and  discussion 

3.1.  Effects  of  H2S  and  PH3 

The  cell  was  first  conditioned  in  clean  syngas  for  24  h  or  longer  to 
establish  a  base  line,  and  then  the  contaminants  were  introduced. 
Fig.  1  shows  the  synergistic  effect  of  1.3  ppm  H2S  and  1  ppm  PFI3  on 
the  power  density  of  the  cell  at  750  °C  over  a  period  of  300  h.  Pre¬ 
viously,  it  had  been  demonstrated  that  the  presence  of  1  ppm  H2S 
alone  caused  immediate  performance  degradation  (~5mWcm-2 
or  ~3.5%),  but  no  appreciable  long-term  effects  [3,7-1 0],  whereas  0. 
5  ppm  PFI3  formed  secondary  solid  phases  with  the  anode  materials 
and  caused  continuous  and  slow  degradation  of  ~6%  in  the  power 
density  over  the  first  300  h  after  which  an  accelerated  degradation 
occurred  [3  ].  Fig.  1  (a)  shows  that  after  1 0  days’  exposure  to  1 .3  ppm 
H2S  and  1  ppm  PH3,  the  open  circuit  potential  (OCV)  decreased  by 
more  than  0.1  V  and  that  the  peak  power  density  also  decreased 
significantly.  Fig.  1(b)  indicates  that  on  the  introduction  of  1.3  ppm 
H2S  and  1  ppm  PH3,  the  performance  deteriorated  immediately, 
followed  by  a  steady  linear  degradation.  Overall,  the  performance 
degraded  from  ~155  to  ~122mWcm-2  over  the  315  h  exposure 
until  the  cell  failed  (a  decline  of  ~33  mWcnrr2  or  ~21%;  the  aver¬ 
age  degradation  rate  was  ~7%  every  lOOh).  It  was  also  found  that 
the  cell  power  density  declined  from  150  to  140mWcm-2  over  a 
period  of  400  h  when  1 .4  ppm  PH3  was  present  in  the  anode  gas  as 
will  be  manifested  later  in  this  work.  Compared  with  that  result, 
the  presence  of  both  S  and  P  compounds  accelerated  performance 
degradation,  and  degradation  occurred  earlier.  The  cause  of  failure 
appeared  to  be  a  break  in  Ni  current  lead  within  the  anode  chamber, 
indicating  some  dramatic  change  induced  by  the  synergistic  effect 
of  S  and  P.  This  finding  was  manifested  in  the  morphology  of  the 
anode  after  exposure. 

Fig.  2(a)  and  (b)  shows  the  scanning  electron  microscope  (SEM) 
graphs  of  the  Ni  current  collector  with  low  P  level  (4-15  at.%  and 
high  P  level  (30-40  at.%),  respectively.  The  surface  exposed  to  the 
high  P  level  appears  to  be  relatively  rougher  than  that  exposed 
to  the  low  P  level.  Our  previous  paper  [3]  indicated  that  P  could 
form  several  phosphides  with  Ni:  Ni3P,  NisP2,  and  Ni2P.  The  vary¬ 
ing  content  of  P  may  be  indicative  of  the  formation  of  a  phosphide 
mixture.  Under  high  magnification,  the  Ni  wires  with  the  high  P 
level  (Fig.  2(c))  were  observed  to  form  nanowhiskers,  and  the  tips 


Fig.  1.  Effect  of  1 .3  ppm  H2S  and  1  ppm  PH3  on  the  performance  of  an  SOFC  at  750  °C. 
(a)  I-V  curves  before  and  after  exposure  and  (b)  power  density  as  a  function  of 
exposure  time. 


of  the  whiskers  appeared  to  be  rounded.  Such  morphology  may  be 
indicative  of  a  liquid  phase  formation  near  the  whiskers.  Because 
of  the  small  size  of  the  whiskers,  we  were  unable  to  measure  the 
composition  of  the  solidified  droplet  by  means  of  energy-dispersive 
X-ray  spectroscopy  (EDX)  in  our  SEM  system.  On  the  top  of  the 
anode  surface  where  the  porous  Ni  paste  was  found,  P  accumula¬ 
tion  in  the  range  of  5-30  at.%  was  also  observed,  depending  on  the 
area  analyzed.  On  closer  examination  of  the  porous  Ni  area  with 
high  P  content,  nanowhiskers  similar  to  the  one  described  above 
were  also  observed.  Flowever,  no  S  was  detected  within  the  reso¬ 
lution  range  of  our  SEM  equipment,  demonstrating  again  that  no 
secondary  phase  was  formed  between  S  and  the  anode  material 
and  that  the  effect  of  S  species  is  mainly  dissociative  adsorption  of 
S  at  the  catalyst  surface. 

According  to  the  Ni-P  phase  diagram  [11],  compound  Ni3P  melts 
at  950  °C  and  a  eutectic  composition  of  1 9  at.%  P-81  at.%  Ni  melts  at 
870  °C.  A  similar  eutectic  point  occurs  at  900  °C  in  the  Ni-S  sys¬ 
tem  at  33  at.%  S  [11].  The  formation  of  a  liquid  phase  at  750  °C 
indicated  that  the  melting  point  of  the  Ni-P  alloy  may  have  been 
lowered  by  the  adsorption  of  S,  because  no  such  morphology  was 
observed  when  the  cell  was  exposed  to  P  alone  at  this  temperature. 
We  were  not  able  to  find  published  data  on  the  ternary  Ni-S-P 
system,  but  it  is  not  unusual  that  the  melting  point  of  a  binary 
alloy  is  depressed  when  a  third  element  is  added.  The  observation 
of  the  nanowhiskers,  indicative  of  liquid  formation,  warrants  fur¬ 
ther  studies  of  this  ternary  system.  The  formation  of  a  liquid  phase 
could  also  have  resulted  in  the  restructuring  and  densification  of 
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Fig.  2.  Surface  morphology  of  the  anode  current  lead  (Ni  wire)  after  ~350  h  exposure 
to  1.3  ppm  H2S  and  1  ppm  PH3.  (a)  the  region  with  low  P  content  (~7  at.%);  (b)  the 
region  with  high  P  content  (~41  at.%);  and  (c)  a  magnified  SEM  image  of  the  current 
lead  with  high  P  content. 


the  anode  material,  and  hence  accelerated  the  degradation  of  cell 
performance.  Therefore,  the  synergistic  effect  of  H2S  and  PH3  at  the 
ppm  level  may  be  more  detrimental  than  the  additive  influence  of 
individual  contaminants  over  the  long  term. 

Marina  et  al.  [4]  also  studied  the  synergistic  effects  of  1  ppm  H2S 
and  2  ppm  PH3  at  800  °C.  They  found  that  initial  performance  lay 
between  that  of  PH3  and  H2S  (in  their  study,  1  ppm  H2S  resulted 
in  much  more  performance  degradation  than  the  others  within 
several  hundred  hours),  but  the  effect  of  S  was  suppressed  by  the 
presence  of  P  after  several  hundred  hours.  Their  finding  about  the 
synergistic  effect  of  H2S  and  PH3  was  similar  to  ours,  except  that  the 
individual  effect  of  1  ppm  H2S  was  different  (which  also  remains 
controversial  among  the  published  works  as  discussed  in  part  II 
[3]). 


Fig.  3.  Cell  performance  during  the  exposure  to  0.5  ppm  AsH3  and  1  ppm  H2S  at 
750  °C. 

3.2.  Effects  of  H2S  and  AsH3 

The  effect  of  As  is  similar  to  that  of  P  in  that  both  contami¬ 
nants  can  form  a  secondary  solid  phase  with  the  anode  material. 
However,  the  phase  diagram  [11]  indicates  that  As  has  higher  solu¬ 
bility  in  Ni  (4.5  at.%  at  897  °C)  than  does  P  (0.32  at.%  at  870  °C);  thus 
poisoning  from  As  exposure  generally  takes  place  over  a  longer 
time;  our  previous  paper  [3]  noted  that  no  performance  abatement 
occurred  within  1000  h  during  exposure  to  0.5  ppm  AsH3,  but  that 
degradation  occurred  after  700  h  exposure  to  1  ppm  AsH3;  with 
0.5  ppm  PH3 ,  significant  degradation  occurred  after  350  h  exposure. 
Depending  on  the  difference  of  the  bond  strength  of  the  contami¬ 
nant  with  the  anode  material,  the  overall  synergistic  effect  of  H2S 
and  AsH3  may  differ  significantly  from  the  effect  of  H2S  with  PH3. 

Fig.  3  shows  cell  performance  evolution  during  exposure  to 
0.5  ppm  AsH3,  with  the  further  addition  of  1  ppm  H2S,  and  fol¬ 
lowed  by  the  removal  of  1  ppm  H2S  at  750  °C.  The  cell  was  first 
exposed  to  0.5  ppm  AsH3  alone  for  ~90  h,  and  a  slight  improvement 
in  performance  was  seen  as  reported  previously  [3].  On  the  addi¬ 
tion  of  1  ppm  H2S,  the  performance  deteriorated  instantaneously, 
followed  by  partial  recovery  over  time  (~80  h),  indicating  that  the 
effect  of  H2S  is  independent  of  preadsorbed  As  species  at  the  anode 
surface  (in  other  words,  presorption  of  As  cannot  mitigate  the 
effect  of  H2S).  The  phenomenon  and  the  amount  of  initial  degrada¬ 
tion  (from  ~139  to  133.5  mW cm-2)  were  similar  to  that  observed 
before  with  1  ppm  H2S  alone.  After  the  removal  of  1  ppm  H2S,  the 
power  density  initially  recovered  to  a  value  even  higher  than  indi¬ 
cated  by  previous  data,  but  then  surprisingly  decreased  quickly  to  a 
previous  level  of  140  mW  cm-2,  followed  later  by  a  steep  decrease 
to  129  mW  cm-2,  remaining  stable  thereafter. 

Significant  research  has  been  devoted  to  whether  the  effect 
of  H2S  on  SOFC  performance  is  reversible  after  its  removal 
[7,8,12-15];  and  if  so,  whether  it  is  instantaneously  or  gradu¬ 
ally  reversible  and  fully  or  partially  reversible.  The  roles  played 
by  the  test  temperature  (the  lower  the  temperature,  the  slower 
the  recovery  rate)  and  the  introduced  concentration  (full  recovery 
at  lower  concentrations;  e.g.  10  ppm)  have  also  been  of  interest. 
The  surprising  finding  in  our  research  was  that  after  performance 
recovered,  it  quickly  decreased  to  a  much  lower  level  (from  136 
to  129  mW  cm-2)  before  reaching  a  steady  state.  Such  a  significant 
decrease  within  250  h  had  never  been  seen  before  with  0.5  ppm 
level  AsH3  alone.  Whether  the  degradation  was  due  to  the  latent 
synergistic  effect  of  AsH3  and  H2S  is  uncertain,  but  we  postulate 
that  the  coadsorption  of  S  atoms  and  As  atoms  at  the  anode  sur¬ 
face  caused  a  restructuring  of  the  surface  morphology,  which  may 
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Fig.  4.  Cell  power  density  as  a  function  of  exposure  time  to  1.3ppmH2S,  1  ppmPH3, 
and  0.5  ppm  AsH3  at  750  °C. 

have  rendered  the  catalyst  more  vulnerable  to  attack  by  As.  An 
AC  impedance  spectroscopy  study  may  provide  more  information 
regarding  the  cause  of  the  performance  variation.  Such  a  study 
will  be  the  subject  of  the  next  paper  in  this  series,  which  will  also 
indicate  results  from  using  other  combinations  of  contaminants. 

In  a  study  of  As  poisoning  of  a  sulfided  Ni-Mo  catalyst  in  natural 
gas  reforming  [16]  using  the  extended  X-ray  absorption  fine  struc¬ 
ture  (EXAFS)  technique,  As  atoms  were  found  to  be  surrounded  by 
two  S  atoms,  and  the  As  atoms  blocked  the  active  adsorption  and 
reaction  sites  for  ethane.  Therefore,  it  can  be  hypothesized  that 
As  and  S  attack  different  sites  at  the  anode  and  compensate  for 
each  other.  Their  simultaneous  presence  at  the  surface  may  have 
unexpected  effects. 

3.3.  Effects  ofH2S,  PH3,  and  AsH3 

Fig.  4  shows  the  synergistic  effect  of  1.3  ppm  H2S,  1  ppm  PH3, 
and  0.5  ppm  AsH3  on  cell  performance  at  750  °C.  From  the  above 
discussion,  it  could  be  conjectured  that  the  synergistic  effect  of 
H2S,  PH3,  and  AsH3  is  not  a  simple  additive  influence.  Fig.  4  indi¬ 
cates  that  performance  deteriorated  immediately  (from  136  to 
127mWcm-2)  on  the  introduction  of  contaminants,  primarily  as 
a  result  of  1.3  ppm  H2S  addition.  Following  that,  the  power  den¬ 
sity  degraded  slowly  for  the  next  100  h  at  a  rate  similar  to  the  cell 


Fig.  5.  Comparison  of  the  synergistic  effect  of  various  combinations  of  contaminants 
to  the  cell  performance  in  terms  of  the  power  retention  with  time. 


exposed  to  1.3  ppm  H2S  and  1  ppm  PH3,  followed  by  accelerated 
degradation  at  the  end  of  that  period. 

Fig.  5  presents  a  comparison  of  the  synergistic  effect  of  various 
combinations  of  the  contaminants.  (Note  the  individual  effect  of 
PH3  is  not  shown  because  the  previous  tested  concentration  was 
only  0.5  ppm,  which  may  not  be  a  good  reference  here,  but  the 
power  retention  profile  of  that  concentration  lay  between  those 
of  H2S  and  H2S  +  PH3  as  can  be  seen  from  Ref.  [3].)  Fig.  5  clearly 
illustrates  that: 

1.  AsH3  alone,  at  the  0.5  ppm  level,  did  not  cause  degradation 
over  1000  h  (the  data  shown  are  not  complete);  however,  when 
combined  with  other  contaminants,  AsH3  exaggerated  the  detri¬ 
mental  effect. 

2.  H2S,  alone  or  introduced  with  other  contaminants,  caused 
instantaneous  performance  deterioration;  however,  when  H2S, 
was  introduced  with  other  contaminants,  the  instantaneous 
deterioration  increased,  and  the  more  types  of  contaminants 
included,  the  larger  the  initial  deterioration. 

3.  The  power  retention  profile  for  the  combination  of  H2S,  PH3, 
and  AsH3  overlapped  with  that  for  H2S  and  PH3  for  a  time,  but 
much  faster  degradation  occurred  at  the  end  of  that  period  for 
the  former  combination. 

4.  Overall,  the  performance  deterioration  under  exposure  to 
1.3  ppm  H2S  +  lppm  PH3  +  0.5ppm  AsH3  was  the  most  detri¬ 
mental,  exceeding  the  linear  additive  influence  of  individual 
contaminant. 

These  findings  indicate  that  the  synergistic  effect  can  be  very 
destructive  when  all  kinds  of  contaminants  coexisted  with  the  coal 
gas  as  they  do  in  realistic  conditions  and  that  the  level  of  each 
contaminant  may  thus  need  to  be  reduced  further. 

3.4.  Effects  of  CH3Cl,  AsH3,  and  PH3 

A  study  relying  on  thermal  desorption,  low  energy  electron 
diffraction,  and  Auger  electron  spectroscopy  techniques  indicated 
the  adsorption  behavior  of  H2  and  CO  on  a  P-adsorbed  Ni  surface 

[17] ,  although  the  initial  sticking  coefficient  and  H2  uptake  were 
inhibited  by  the  adsorption  of  P  atoms  on  the  Ni  surface,  that  effect 
was  significantly  less  when  Cl  or  S  atoms  were  adsorbed  on  the  sur¬ 
face.  Note  that  the  study  was  conducted  at  ambient  temperature, 
but  its  findings  lead  us  to  hypothesize  that  the  affinity  of  Cl  with 
Ni  is  probably  greater  than  that  of  P  with  Ni.  Given  that  the  poi¬ 
soning  mechanism  of  Cl  for  Ni  catalyst  is  mainly  surface  adsorption 
and  that  catalyst  activity  is  recoverable  after  Cl  removal  (Trembly 

[18]  reported  the  recovery  of  area  specific  resistance  (ASR)  after 
the  removal  of  160  ppm  HC1;  Richardson  [19]  found  that  the  cat¬ 
alytic  activity  of  Ni/Al203  for  the  steam  reforming  of  methane  was 
restored  when  CH3C1  was  removed.),  we  conjecture  that  Cl  reduces 
the  attack  of  Ni  by  P,  mitigating  the  deleterious  poisoning  effect  of 
P  on  the  anode;  As  may  have  the  same  effect. 

To  study  the  effect  of  Cl-addition,  we  added  1  ppm  CH3C1  and 
0.5  ppm  AsH3  to  the  anode  gas  of  a  cell  that  was  previously  exposed 
to  0.5  ppm  AsH3  alone  for  lOOh  (Fig.  3).  The  power  density  was 
stable  after  the  exposure  to  AsH3  alone.  Fig.  6  shows  that  a  slight 
degradation  occurred  after  the  introduction  of  CH3C1  (from  132 
to  128mWcnrr2),  presumably  due  to  the  surface  adsorption  of 
Cl  species  that  blocked  the  active  catalyst  sites).  However,  the 
power  density  then  remained  stable  for  the  next  90  h.  (Note  that 
the  continuous  degradation  during  the  exposure  to  2.5  ppm  CH3C1 
indicated  in  our  previous  study  [3]  may  have  been  due  to  a  defect 
in  the  cell  and  not  representative  of  the  effect  of  Cl.)  In  long¬ 
term  (250  h)  exposure,  the  power  density  improved  slightly  to 
~132  mW cm-2.  At  that  point,  0.7  ppm  PH3  was  introduced  in  the 
anode  gas  (Fig.  7).  Because  the  power  density  continued  to  increase 
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Fig.  6.  Power  density  variation  after  the  superimposition  of  1  ppm  CH3  Cl  on  0.5  ppm 
AsH3  at  750  °C.  The  cell  was  previously  baked  in  0.5  ppm  AsH3  for  more  than  200  h. 


slowly,  the  amount  of  PH3  in  the  gas  was  doubled  to  1.4  ppm  after 
more  than  90  h.  As  it  can  be  seen  in  Fig.  7,  overall  the  power  density 
remained  steady  for  more  than  340  h  after  the  introduction  of  PH3, 
but  then  started  to  degrade,  with  the  data  becoming  very  scattered, 
possibly  due  to  the  attack  of  the  Ni  current  lead  by  P  as  observed 
before  with  PH3  alone.  The  amount  of  CH3C1  was  then  doubled  as 
well  to  2  ppm.  We  were  surprised  to  note  that  the  power  density 
gradually  stabilized  again  at  131  mWcnrr2  and  that  data  scatter¬ 
ing  was  no  longer  observed.  The  experiment  was  terminated  at  this 
juncture  because  of  feed  gas  problems. 

Overall,  during  the  llOOh  exposure  to  four  kinds  of  contami¬ 
nants  at  different  concentration  levels  (1  ppm  H2S  was  removed 
in  the  middle  of  the  experiment),  only  negligible  power  density 
degradation  was  observed.  This  finding  is  remarkable  considering 
that  the  cell  was  exposed  to  PH3  for  at  least  600  h  and  that  pre¬ 
viously  we  have  seen  that  0.5  ppm  PH3  alone  caused  significant 
degradation  after  350 h  at  750 °C  [3].  We  therefore  postulate  that 
Cl  has  stronger  affinity  with  Ni  and  that  its  adsorption  at  the  Ni 
surface  mitigates  the  attack  of  Ni  by  P,  thereby  slowing  degrada¬ 
tion.  The  higher  the  concentration  of  P,  the  more  Cl  appears  to  be 
needed. 


Fig.  7.  Cell  performance  evolution  during  the  step  by  step  addition  of  0.5  ppm  AsH3, 
CH3C1  (1  ppm  and  2  ppm),  and  PH3  (0.7  ppm  and  1.4  ppm)  at  750  °C. 


Fig.  8.  Cell  performance  variation  during  exposure  to  1.4  ppm  PH3  and  later  with 
the  addition  of  1  ppm  CH3C1  at  750  °C:  (a)  I-V  profile  comparison  and  (b)  power 
density  variation  as  a  function  of  exposure  time. 


Another  experiment  further  confirms  the  beneficial  effect  of  Cl 
in  inhibiting  attack  from  P.  In  this  case,  after  the  cell  was  exposed 
to  1 .4  ppm  PH3,  slow  degradation  was  seen  after  250  h  exposure  as 
shown  in  Fig.  8(a)  and  (b)  for  the  I-V  profile  change  and  the  power 
density  evolution,  respectively.  After  more  than  470  h,  1  ppm  CFI3C1 
was  added.  As  Fig.  8(b)  indicates,  the  power  density  quickly  stopped 
degrading;  instead,  a  gradual  improvement  was  observed.  Fig.  8(a) 
shows  that  after  1 00  h  “conditioning”  in  1  ppm  CFI3C1  and  1.4  ppm 
PH3,  the  OCV  partly  recovered  (~40  mV  higher  than  that  after  358  h 
exposure  in  1.4  ppm  PFI3)  and  that  the  power  densities  at  high 
current  densities  overlapped  with  those  after  358  h  exposure.  The 
findings  indicate  that  Cl,  when  preadsorbed  on  Ni  catalyst  surface, 
may  not  only  slow  or  prevent  much  of  the  degradation  caused  by 
P,  but  when  introduced  after  long  exposure  of  the  catalyst  to  PH3, 
may  also  partly  restore  performance  loss.  Therefore,  the  synergis¬ 
tic  effects  of  P  and  Cl  could  be  quite  beneficial.  These  findings  could 
prove  vital  in  designing  coal  gas  feed  systems  and  also  in  establish¬ 
ing  tolerance  limits  for  the  anode  for  various  contaminants.  The 
mechanism  for  the  recovery  is  still  not  clear,  but  we  assume  it 
centered  on  the  interaction  of  the  anode  catalyst  with  Cl  and  P;  con¬ 
ducting  in  situ  surface  spectrometry  may  determine  how  recovery 
takes  place. 

Fig.  9(a)  and  (b)  shows  the  surface  morphology  of  the  cell  anodes 
after  exposure  to  0.5  ppm  AsFI3,  CFI3C1,  and  PFI3  (cell  a),  and  after 
exposure  to  1.4  ppm  PFI3  and  1  ppm  CH3C1  (cell  b).  Fig.  9  indicates 
that  the  two  cells  have  similar  anode  surface  morphology,  the  open 
trench  areas  (“etched  boundaries”)  are  close  to  one  another,  but  the 
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Fig.  9.  SEM  graphs  of  the  cell  anode  after  exposure:  (a)  cell  exposed  to  0.5  ppm 
AsH3,  CH3C1,  and  PH3  (cell  a)  and  (b)  cell  exposed  to  1.4  ppm  PH3,  and  later  with  the 
addition  of  1  ppm  CH3C1  (cell  b). 


Fig.  11.  SEM  graphs  of  the  Ni  current  lead  after  exposure:  (a)  exposed  to  0.5  ppm 
AsH3,  CH3C1,  and  PH3  (wire  a)  and  (b)  exposed  to  1.4  ppm  PH3,  and  later  with  the 
addition  of  1  ppm  CH3C1  (wire  b). 


Ni  patches  of  the  first  cell  seem  to  be  slightly  more  densified  and 
smoother,  whereas  the  Ni  surface  of  the  second  cell  has  more  fine 
features  and  is  rough.  Such  a  rough  catalyst  surface,  which  has  not 
been  seen  before  with  other  kind  of  contaminants,  may  be  due  to 
the  synergistic  effect  of  P  and  Cl.  That  effect  may  have  contributed  to 


Fig.  10.  An  abnormal  region  on  the  anode  surface. 


the  partial  restoration  of  power  density  after  the  superimposition 
of  CH3CI  on  PH3,  given  that  the  active  catalyst  surface  area  is  higher 
when  the  surface  is  rougher.  EDX  analysis  of  several  spots  on  the 
patches  for  both  cells  showed  pure  Ni  (some  O  was  also  detected 
on  the  rough  surface  of  cell  b,  possibly  absorbed  during  the  cool¬ 
ing  process  or  in  the  open  area),  and  the  open  trenches  were  also 
rich  in  Ni,  with  varying  amounts  of  Zr  (4-35  at.%)  in  some  trenches. 
Several  abnormal  regions  are  also  seen  at  the  anode  surface  for 
cell  a,  as  shown  in  Fig.  10.  The  surface  morphology  is  significantly 
different  from  the  surrounding  area;  fine  particles  are  scattered  in 
the  white  contrast  region,  and  the  P  level  is  20-30  at.%,  with  the 
remaining  element  being  O.  It  seems  that  P  attacked  weak  regions 
and  accumulated  there,  which  may  have  caused  the  performance 
loss  during  the  exposure.  No  As  was  detected  within  the  detection 
limit  for  either  cell. 

Fig.  1 1  compares  the  surface  morphology  of  the  Ni  current  leads 
for  the  two  cells  discussed  above.  For  wire  exposed  to  0.5  ppm  AsH3 , 
CH3C1,  and  PH3  (Fig.  11(a),  wire  a),  numerous  irregularly  shaped 
“pebbles”  are  seen  on  top  of  the  wire,  and  the  surface  underneath 
is  also  very  rough.  These  pebbles  are  less  than  10  [xm  in  diame¬ 
ter  and  aligned  along  the  wire  direction;  EDX  spot  analysis  did 
not  detect  As  or  P.  Pebbles  were  also  seen  at  the  anode  surface 
when  the  cell  was  exposed  to  35  ppm  AsH3  in  an  accelerated  test 
[2];  in  that  case,  however,  a  high  level  of  As  in  the  anode  was 
detected  with  EDX.  We  postulate  that  the  As/P  engraved  the  Ni  wire 
surface  at  the  beginning,  but  that  the  excess  amount  of  Cl  subse- 


1322 


J.  Bao  et  al.  /  Journal  of  Power  Sources  195(2010)  1316-1324 


160 


,  140  - 


i« 


§  ioo 

Q 

q3 

S.  80 


60 


0 

1  1 

j  H2S 

□ 

|  H2S+AsH3 

! H2S+AsH3+PH3 

A 

J  H2S+AsH3+PH3+CH3qi 

200  400  600 

Elapsed  Time  (h) 


800 


1000 


Fig.  12.  Cell  performance  variation  during  the  exposure  to  1  ppm  H2S,  0.5  ppm  AsH3, 
0.5  ppm  PH3,  and  1  ppm  CH3C1  in  sequential  addition  at  750  °C. 


quently  replaced  the  As/P  species  at  the  surface.  In  Fig.  1 1  (b),  much 
smaller  pebbles  are  seen  at  the  wire  surface  for  cell  b,  most  seem  to 
have  just  nucleated,  and  the  remaining  surface  still  looks  smooth. 
EDX  spot  analysis  showed  that  on  the  smooth  surface  area,  only 
0.55-6.95  at.%  of  P  was  detected,  but  on  the  pebbles,  a  relatively 
high  level  of  P  (~10at.%)  was  detected.  The  first  cell  was  exposed 
to  0.5  ppm  AsH3  for  ~1 1 00  h,  0.7  to  1 .4  ppm  PH3  for  600  h,  and  to 
1  ppm  CH3C1  for  more  than  800  h  (raised  to  2  ppm  during  the  last 
1 50  h);  the  second  cell  was  exposed  to  1 .4  ppm  PH3  for  ~600  h,  but 
exposed  to  1  ppm  CH3C1  for  only  ~100  h.  It  is  thus  understandable 
that  the  current  lead  for  the  first  cell  has  a  clearly  carved  surface, 
given  it  was  etched  for  a  longer  time.  We  surmise  that  Cl  would 
have  further  replaced  As/P  if  the  experiment  for  cell  b  had  con¬ 
tinued.  From  these  results,  we  speculate  that  the  affinity  of  these 
contaminants  increases  in  this  order:  As  <  P<  Cl. 

P  was  also  detected  in  the  bulk  of  the  anode  support  layer  for 
both  cells,  with  the  amount  varying  from  ~2  to  12  at.%,  but  no  As 
was  detected.  A  higher  level  of  Cl  or  longer  exposure  in  Cl  may  be 
needed  to  replace  the  P. 

3.5.  Effects  of  H2S,AsH3,PH3,  and  CH3Cl 

For  the  first  cell  (cell  a)  discussed  in  Section  3.4  in  regard  to 
interactions  among  Cl,  As,  and  P,  1  ppm  FI2S  was  removed  before 
the  introduction  of  Cl  and  P;  therefore,  the  synergistic  effect  of  S 
with  other  contaminants  could  not  be  determined.  In  the  experi¬ 
ment  discussed  here,  all  four  contaminants  of  major  concern  were 
included,  but  introduced  sequentially  (additively),  not  simultane¬ 
ously. 

Fig.  12  shows  the  power  density  evolution  during  the  series 
exposure  to  1  ppm  FI2S,  0.5  ppm  AsFI3,  0.5  ppm  PFI3,  and  1  ppm 
CH3C1.  The  trace-level  contaminants  were  introduced  in  this  man¬ 
ner  because  the  presence  of  FI2S  alone  causes  a  certain  level  of  initial 
degradation  but  not  long  standing  degradation,  but  the  presence  of 
AsH3  and  PH3  causes  a  slow  and  rapid  decrease  in  the  power  den¬ 
sity,  respectively.  The  presence  of  CFI3C1  appears  to  retard  the  effect 
of  other  contaminants. 

After  the  introduction  of  1  ppm  H2S,  the  power  density 
decreased  instantaneously  from  143.5  to  138.5  mW cm-2,  but  then 
slowly  improved  to  141  mWcm-2  over  the  ~100h  of  exposure. 
After  that,  0.5  ppm  AsFI3  was  introduced  in  addition  to  H2S.  No 
degradation  was  seen  within  the  first  120h;  after  that  point, 
the  power  density  declined  slowly.  Flowever,  the  power  density 
seemed  to  stabilize  for  20  h  after  that  period.  Unlike  that  for  Cl, 
S  preadsorption  at  the  catalyst  surface  did  not  prevent/mitigate 
As  attack  on  the  catalyst;  instead,  it  accelerated  degradation.  We 


Fig.  13.  SEM  graphs  of  the  (a)  cell  anode  top  surface  and  (b)  Ni  current  lead  after 
series  exposure  to  four  contaminants. 


speculate  that  S  and  As  attack  different  sites  of  the  catalyst,  not 
only  blocking  the  active  adsorption  and  reaction  regions  (the 
three-phase  boundaries)  for  the  fuel  gas,  but  also  form  a  sec¬ 
ondary  solid  phase  with  the  catalyst.  After  more  than  240  h  in 
H2S  and  AsFI3,  0.5  ppm  PH3  was  introduced.  Degradation  con¬ 
tinued  slowly,  but  once  more,  performance  seemed  to  stabilize 
after  lOOh.  After  around  200  h  exposure  in  these  three  contami¬ 
nants,  1  ppm  CIT3C1  was  introduced.  The  power  density  continue 
to  degrade  contrary  to  our  previous  finding  that  Cl  mitigated  the 
deleterious  effect  of  As  and  P.  Overall,  the  cell  power  density 
decreased  from  ~143.5  to  ~117mWcm-2  over  the  775  h  expo¬ 
sure;  that  decline  was  less  severe  than  that  resulting  from  exposure 
to  0.5  ppm  PIT3  alone  as  has  been  studied  previously  [3],  con¬ 
sidering  that  the  cell  was  exposed  to  0.5  ppm  PH3  for  at  least 
475  h  in  addition  to  the  other  contaminants.  Therefore,  despite 
the  continuous  degradation  during  the  series  exposure  to  these 
four  contaminants,  some  constructive  force  may  still  have  been  at 
work. 

After  the  experiment,  the  cell  morphology  was  characterized 
with  SEM.  Fig.  13(a)  and  (b)  shows  the  morphology  of  the  anode’s 
top  surface  and  the  Ni  current  lead  after  exposure,  respectively. 
Compared  with  the  surface  morphology  of  the  two  cells  discussed 
in  Section  3.4,  the  cell  exposed  to  four  contaminants  in  series  is 
more  sintered  with  slightly  more  open  trenches,  and  the  intercon¬ 
nectivity  between  each  Ni  patch  is  also  broken  to  a  greater  extent. 
Because  the  cell  was  not  exposed  to  contaminants  for  a  longer  time 
than  previous  cell  a,  we  speculate  that  the  sintering  was  resulted 
from  the  synergistic  effects  of  S  and  As/P.  Section  3.1  indicates  that 
the  addition  of  S  may  lower  the  melting  point  of  the  phosphide. 
The  P  level  at  3-5  at.%  was  detected  in  some  of  the  trenches  and 
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Fig.  14.  SEM  graph  of  the  cell  cross-section  after  series  exposure  to  four  contami¬ 
nants. 


also  at  the  edge  of  a  few  particles  in  the  trenches,  but  not  on  top  of 
the  large  Ni  patches.  Because  Cl  was  introduced  only  at  the  end  of 
the  experiment  for  around  255  h,  it  is  likely  that  Cl  could  not  fully 
replace  P.  However,  some  degree  of  surface  roughing  is  also  seen  on 
the  Ni  patches,  similar  to  the  second  cell  discussed  in  Section  3.4; 
that  roughing  may  have  been  caused  by  the  replacement  of  P  by  Cl. 
The  morphology  of  the  Ni  wire  is  also  similar  to  that  of  the  second 
cell  discussed  in  Section  3.4,  although  with  slightly  fewer  lumps  at 
the  surface  because  the  exposure  level  of  PH3  in  this  case  was  only 
0.5  ppm.  However,  the  amount  of  P  detected  on  those  lumps  was 
significantly  higher  than  that  detected  for  other  cells.  P  at  around 
the  40  at.%  level  was  detected,  presumably  forming  Ni  phosphides, 
but  no  P  was  detected  at  the  smooth  surface  area.  This  suggests 
that  if  crystal  Ni  phosphides  are  formed,  Cl  could  not  replace  P, 
but  if  P  only  dissolves  in  Ni  or  adsorbs  at  the  surface,  Cl  may 
replace  P. 


Fig.  14  shows  the  cross-section  of  the  cell  after  exposure.  Three 
distinctive  layers  are  seen,  from  the  left  to  right  (labeled  as  1,2, 
and  3):  the  porous  LSM  cathode  layer,  the  dense  YSZ  electrolyte 
layer,  and  the  porous  Ni-YSZ  anode  layer  (including  the  anode  sup¬ 
port  layer).  Interestingly,  the  electrolyte  layer  is  detached  from  the 
anode  layer,  and  a  crack  is  seen  at  the  electrolyte.  Although  the 
crack  may  have  been  introduced  when  the  cell  was  broken  for 
characterization,  the  cell  is  supposed  to  be  very  strong  mechani¬ 
cally,  with  each  layer  being  tightly  bonded,  and  such  detachment 
of  two  layers  has  never  been  seen  before.  The  anode  side  near  the 
electrolyte  layer  also  seems  to  have  densified.  Fig.  15  shows  the 
elemental  mapping  of  the  cross-section.  The  figure  on  the  top  left 
is  the  secondary  electron  micrograph,  and  the  others  map  the  dis¬ 
tribution  of  Ni,  Zr,  and  P.  As  can  be  seen,  Ni  exists  only  in  the  anode 
region,  with  Zr  distributed  between  the  anode  and  electrolyte.  A 
trace  amount  of  P  is  also  detected  in  the  anode  bulk,  but  interest¬ 
ingly,  a  relatively  high  density  of  P  signals  are  seen  at  the  border  of 
the  anode  layer  and  the  electrolyte  layer,  with  no  P  in  the  electrolyte 
layer  (a  trace  amount  of  P  also  seems  to  be  detected  in  the  cathode 
layer).  Again,  we  note  that  because  the  P  Ka  peak  (2.014  keV)  is  very 
similar  to  the  Zr  Led  (2.042  keV)  peak,  distinguishing  between  the 
X-ray  emission  peaks  of  P  and  Zr  at  that  energy  range  may  not  be 
accurate.  However,  the  accumulation  of  P  near  the  electrolyte  may 
indicate  the  reason  for  the  detachment  of  the  electrolyte  layer  from 
the  anode.  The  exact  reason  for  the  accumulation  of  P  there  is  not 
clear,  and  the  detachment  may  have  partly  resulted  from  defects 
in  the  original  cell.  Therefore,  this  accumulation  may  have  con¬ 
tributed  to  the  continuous  degradation  of  the  cell  power  density, 
and  the  interaction  between  S  and  other  contaminants  needs  to  be 
further  studied.  Signals  for  other  contaminants  (e.g.,  S,  Cl,  As)  were 
difficult  to  distinguish  from  the  background  noise  and  are  therefore 
not  shown  here. 

4.  Conclusions 

The  present  work  has  studied  the  synergistic  effects  of  four 
contaminants  of  major  concern— As,  P,  S,  and  Cl,  in  combinations 
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Fig.  15.  Elemental  mapping  of  the  cell  cross-section  after  series  exposure  to  four  contaminants. 
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of  two,  three,  and  four— on  the  performance  of  Ni-YSZ/YSZ/LSM 
SOFCs.  Those  synergistic  effects  are  significantly  different  from 
the  ones  produced  by  individual  contaminants,  and  are  not 
simply  the  additive  influence  of  individual  contaminants.  A  syn¬ 
ergistic  effect  can  be  quite  destructive  (e.g.,  accelerated  cell 
degradation  or  even  failure  caused  by  the  combination  of 
1.3  ppm  H2S  + 1  ppm  PH3, 1  ppm  H2S  +  0.5ppm  AsH3,  and  1.3  ppm 
H2S  + 1  ppm  PH3  +  0.5  ppm  AsH3)  but  can  also  be  beneficial  when 
Cl  is  present  (e.g.,  combinations  of  0.5  ppm  AsH3  +  lppm  CH3C1 
[later  2  ppm]  +  1.4  ppm  PH3, 1 .4  ppm  PH3  + 1  ppm  CH3C1,  and  1  ppm 
H2S  +  0.5ppmAsH3  +  0.5ppmPH3  +  1  ppm  CH3Cl).The  presence  of S 
may  lower  the  melting  point  of  phosphides  (and  possibly  arsenides) 
and  cause  the  sintering/densification  of  the  Ni  catalyst.  Some 
whiskers  were  also  observed  at  the  anode  after  exposure  to  H2S  and 
PH3,  presumably  because  of  the  formation  of  a  liquid  phase.  How¬ 
ever,  the  presence  of  Cl  may  have  mitigated/prevented  attack  on 
the  catalyst  by  other  contaminants:  power  density  either  attained 
a  steady  state,  or  the  degradation  rate  slowed  over  extended  expo¬ 
sure  time,  depending  on  the  amount  of  Cl  present  (currently  the 
highest  Cl  level  tested  has  been  2  ppm).  We  speculate  that  the  affin¬ 
ity  of  the  contaminants  with  the  Ni  catalyst  increases  in  this  order: 
As < P< Cl.  Therefore,  Cl  may  not  only  abate  attacks  on  Ni  by  other 
contaminants  when  preadsorbed,  but  could  also  partially  replace 
other  contaminants  when  introduced  later.  Such  replacement  may 
cause  the  roughing  of  the  catalyst  surface  and  restore  part  of  the 
performance  loss.  According  to  the  results  obtained  in  this  study, 
the  tolerance  limit  of  SOFCs  to  these  four  major  contaminants  could 
remain  at  the  ppm  level  without  appreciable  degradation  for  more 
than  1000  h. 
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